Polyurethanes are widely used in car paint formulations. During thermal degradation, such polymeric systems can generate powerful asthmatic sensitizing agents named isocyanates. In body repair shops, the thermal degradation of car paint can occur during abrasive processes that generate enough heat to involve release of isocyanates in air. An environmental monitoring study was performed in two body repair training schools and in a body repair shop to evaluate the workers' exposure to isocyanates during cutting, grinding and orbital sanding operations. For sampling, cassettes containing two 1-(2-methoxyphenyl)piperazine (MOPIP)-coated glass fiber filters (MFs) ($5 mg of MOPIP per filter) and bubblers containing 15 ml of MOPIP solution in toluene (1.0 mg ml À1 ) backed at the outlet with cassettes containing two MFs were used. Tandem mass spectrometry was used to analyze the MOPIP derivatives of isocyanic acid (HNCO), all the linear aliphatic isocyanates ranging from methyl isocyanate (Me-i) to hexyl isocyanate, all the alkenyl isocyanates ranging from propylene isocyanate to hexylene isocyanate, 1,6-hexamethylene diisocyanate (HDI), trans-and cis-isophorone diisocyanate (IPDI), 2,4-and 2,6-toluene diisocyanate (TDI), 2,4 0 -; 2,2 0 -and 4,4 0 -methylenediphenyl diisocyanate (MDI), phenyl isocyanate (Ph-i) and p-toluene isocyanate (p-Tol-i). The instrumental detection limits (LOD) were in the 0.13-0.75 mg of NCO per m 3 range for 15 l air samples converted into 3 ml liquid samples. The isocyanate concentrations detected in the workers' breathing zone were in the 1.07-9.80 mg of NCO per m 3 range for cutting, 0.63-3.62 mg of NCO per m 3 range for grinding and 0-1.29 mg of NCO per m 3 range for sanding. However, a rapid decrease of the isocyanate concentration was observed while moving away from the emission source. Among the isocyanates detected the most abundant were the monomers (MDI, HDI, TDI and IPDI) and Me-i.
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INTRODUCTION
Polyurethane-based paints are readily used in car industry owing to their outstanding technical features such as durability, color stability and resistance to abrasion, chemicals and weather extremes. The typical polyurethane paint system has two components: polyol with pigments, solvent and additives; and a second component containing the isocyanate(s) (hardener) in an appropriate solvent. The primer applied between the metal and the paint and the clear-coat applied on the paint can also contain polyurethanes.
Upon thermal degradation, polyurethanes can regenerate isocyanates (Tinnerberg et al., 1997; Karlsson et al., 2002; Pronk et al., 2005) , which may cause bronchial asthma, bronchitis, rhinitis, conjunctivitis and dermatitis (Raulf-Heimsoth and Baur, 1998 for isocyanates in air. A short-term exposure limit, 15 min reference period of 70 mg m À3 is also specified. These limits are expressed as 'weight of equivalent NCO groups'. It has been observed that isocyanates do not have exactly the same toxicity. For example, the LC 50 (death in 50% of animals) for male rats exposed 4 h to methyl isocyanate (Me-i) is 18 mg of NCO per m 3 , whereas it is 77 mg of NCO per m 3 for propyl isocyanate (Prop-i) (Pauluhn, 1989) . Moreover, some researchers provided evidence that workers sensitized to isocyanates could react to diisocyanate concentrations as low as 1.0 p.p.b. (3.4 mg of NCO per m 3 ), which is significantly lower than the WEL (Mapp et al., 1999) .
In car body repair shops, the emission of isocyanates has previously been observed during many thermal degradation processes such as cutting, grinding and welding (Karlsson et al., 2000; HenriksEckerman et al., 2002) . The isocyanates generated during the thermal degradation of polyurethanebased car paints depend greatly on the thermal degradation conditions and the nature of the isocyanate(s) used in the formulation. For example, during welding operations in car repair shops, the main isocyanates detected by Karlsson et al. (2000) were Me-i, toluene diisocyanate (TDI) and 1,6-hexamethylene diisocyanate (HDI), whereas those detected by Henriks-Eckerman et al. (2002) were 4,4 0 -methylenediphenyl diisocyanate (MDI), TDI and HDI.
During paint spraying, workers are exposed to the isocyanates contained in the paint formulation. However, during thermal degradation, many new entities of isocyanates can be generated owing to secondary reactions such as chain breaking, isomerization and dehydrogenation. Boutin et al. (2004) studied the combustion of an HDI-based clear coating used in the car industry with a laboratory scale furnace. HDI, all the linear aliphatic isocyanates ranging from Me-i to hexyl isocyanate (Hex-i), all the alkenyl isocyanates ranging from propylene isocyanate (Propylene-i) to hexylene isocyanate (Hexylene-i) and many structural isomers of these compounds were detected. Because of the absence of a specific Occupational Exposure Standard for many of these isocyanates, the general HSE's WEL (HSE, 2005) , including all organic compounds containing an NCO function was used as a reference value in the present study.
All isocyanates generated under thermal degradation in a gaseous effluent, even at low concentrations, can have a significant effect on workers' health if one hypothesizes their additive effect. Thus, the purpose of this research was to use the high sensitivity and the high selectivity of mass spectrometry to quantify the greatest possible number of isocyanates generated during the thermal degradation processes occurring in auto body shops and to evaluate the potential exposure of workers. For the present research, cutting, grinding and orbital sanding were retained as processes that potentially cause thermal degradation of car paint. Welding processes were not retained, because good work practices entail paint stripping in order to establish the arc between the electrode and the work piece.
EXPERIMENTAL

Field measurements
Air measurements were performed at three different workplaces: two auto body repair training schools (A and B) and a body repair shop. For the sampling, each studied operation (cutting, grinding and orbital sanding) was performed continuously during 15 min in such a way so as to compare them under similar conditions. At each workplace, each operation was repeated twice except for School A where orbital sanding was performed only once. No painting operations were performed in the workplaces during the sampling to prevent air contamination.
The 00 · 7/8 00 , from 3M Automotive was used (Fig. 1B) . At School A and at the body repair shop, the orbital sanding was done using an Ingersoll Rand Air Angle Die Grinder from Northern Tool + Equipment (Burnsville, MN) equipped with a 3M Scotch Brite Roloc Surface Conditioning Disc, 3 00 , from 3M Automotive (Fig. 1C ), whereas at School B it was a Hutchins 8650-Multi-Option Random-Orb Sander from S&J's Discount Tools (Lewis Center, OH) equipped with a 3M Imperial Hookit DustFree Disc, 6 00 , from 3M Automotive (Fig. 1D ).
Air sampling
Air sampling was performed using two methods adapted and validated in the laboratory by Boutin et al. (2005) for the sampling of the isocyanates generated during the thermal degradation of car paint. These methods use cassettes containing two 1-(2-methoxyphenyl)piperazine (MOPIP)-coated glass fiber filters (MFs) ($5 mg of MOPIP per filter) and bubblers containing 15 ml of MOPIP solution in toluene (1.0 mg ml À1 ) backed with cassettes containing two MFs at the outlet. The connections between the bubblers and the cassettes were made using Fluran, an inert fluoroelastomer, tubing (Integra Companies, Inc., Devens, MA). Since particles <2 mm in diameter are not efficiently collected by bubblers (Streicher, 1994) and particles >10 mm, containing isocyanates, tend to polymerize on reagent-coated filters before the derivatization occurs (Brenner et al., 2003) , the efficiency of these sampling devices may differ from the laboratory to the workplace. For this reason, the bubblers backed with cassettes at the outlet were used as reference to evaluate the sampling efficiency of the cassettes containing the two MFs. Indeed, contrary to the MFs, the sampling efficiency of the double stage sampling system (bubbler/MFs) is not affected by the aerosols size distribution.
During each experiment, two air samples were collected at $15 cm from the emission source and two others in the workers' breathing zone, using cassettes. Bubblers, containing a flammable solvent, were not used near the emission source owing to the explosion risks. Aircheck Samplers, model 224-52 from SKC Inc. (Eighty Four, PA), were used to produce flow rates of $1.0 l min À1 . The sampling was also performed at $2 m from the emission source using a sampling tree containing three cassettes and three bubblers backed with cassettes. This tree, shown in The flow rate calibration for all the sampling devices used during this research was done at the work site using a DryCal DC2 Primary Flow Calibrator from Bios International Corporation (Butler, NJ).
Sample preparation
After the experiments, the sample solutions contained in the bubblers were evaporated to dryness in a TurboVap LV from Zymark (Hopkinton, MA). The dry residues were dissolved in 3.0 ml of dimethylformamide (DMF) (10% v/v) in acetonitrile (ACN). For the cassettes, the two MFs were put simultaneously in the same vessel containing 3.0 ml of the DMF/ACN solution immediately after sampling to support the contact between the isocyanates and the derivatizing reagent and, thus, to prevent the loss of isocyanates owing to side reactions. One additional hour of continuous lateral agitation (Eberbach Corporation, Ann Arbor, MI) was used in the laboratory to complete the desorption of the MFs.
Instrumental analysis
Tandem mass spectrometry (MS/MS) detection was chosen over ultraviolet, electrochemical or fluorescence detection for its selectivity to reduce the risks of interferences between the MOPIP derivatives of the isocyanates and other compounds generated during thermal degradation of car paint. 387 Thermal degradation of polyurethane paint also from Agilent Technologies Inc., was used in the electrospray (ESI) mode monitoring positive ions. The compounds analyzed were the MOPIP derivatives of: HNCO, all the aliphatic isocyanates ranging from Me-i to Hex-i, all the alkenyl isocyanates ranging from Propylene-i to Hexylene-i, isophorone diisocyanate (IPDI), HDI, 2,4-and 2,6-TDI, MDI, phenyl isocyanate (Ph-i) and p-toluene isocyanate (p-Tol-i). For the MOPIP derivatives of the monoisocyanates, the parent ion was the molecular ion (M+H) + whereas for the MOPIP derivatives of the diisocyanates it was the doubly-charged ion (M+2H) 2+ . In all cases, the daughter ion monitored was the MOPIP fragment at m/z = 193. According to the absence of pure standards for the MOPIP derivatives of the alkenyl isocyanates, it was assumed that response factors of these compounds were similar to those of the corresponding aliphatic isocyanate derivatives. Furthermore, similar response factors were also assumed for the MOPIP derivatives of the isomers of MDI (4,4 0 -; 2,4 0 -; and 2,2 0 -) and IPDI (cis-and trans-). It was not possible to differentiate the daughter ions generated at m/z = 193 on the basis of their parent ions. Thus, it was necessary to separate all the MOPIP derivatives of the isocyanates using LC prior to mass spectrometry. Two LC/MSD Trap methods (I and II) were needed to separate and analyze the MOPIP derivatives of the 18 isocyanates monitored during this study. These methods are detailed in Table 1 .
The calibration was performed using four solutions containing, respectively, 0.0050, 0.025, 0.10 and 1.0 mg of NCO per ml of the MOPIP derivative of each isocyanate analyzed, and the instrumental detection limits (LOD), defined as three times the standard deviation, were evaluated at the lowest point of the calibration curves (n = 8).
Chemicals
HPLC-grade toluene and water were from Merck (Darmstadt, Germany), HPLC-grade ACN was from Fisher Chemicals (Fair Lawn, NJ), and HPLC-grade dichloromethane and reagent-grade DMF were from J.T. Baker (Phillipsburg, NJ). Formic acid (96%), 2,4-TDI (98%), 2,6-TDI (97%), IPDI (mixture of cis-and trans-isomers, 98%), 4,4 0 -MDI (98%), Ph-i (98%) and p-Tol-i (99%) were from Aldrich (Milwaukee, WI).
The standard MOPIP derivatives of HNCO, HDI and Me-i to Hex-i were prepared in our laboratory as described earlier (Boutin et al., 2004) . To synthesize the MOPIP derivatives of IPDI; 2,4-and 2,6-TDI; 4,4 0 -MDI; Ph-i and p-Tol-i, 4.5 mmol of MOPIP were dissolved in 10 ml of toluene, and 2.25 mmol of diisocyanate (IPDI; 2,4-TDI; 2,6-TDI or 4,4 0 -MDI) or 4.5 mmol of monoisocyanate (Ph-i or p-Tol-i) were then added. After 1 h of continuous stirring, the reaction mixture was put in the refrigerator overnight to optimize precipitation. The solid obtained was then filtered on a Bushner funnel and washed with cold toluene. Finally, recrystallization was performed in boiling toluene, except for the MOPIP derivative of 4,4 0 -MDI (4,4 0 -MDI-MOPIP) where dichloromethane was used. For the calibration curves, accurately weighed amounts of each urea derivative were dissolved in DMF and further diluted in ACN.
RESULTS AND DISCUSSION
Figures 3 and 4 show examples of chromatogram obtained for samples collected at the emission source during cutting operations with the two LC/MSD Trap methods (I and II) (see Table 1 for more details). As expected, all the aliphatic and the alkenyl isocyanates previously observed by Boutin et al. (2004) during the thermal degradation of car paint in the laboratory were also detected in the workplaces visited during this study. This is apparently the first report of alkenyl isocyanates becoming airborne in the workplace. However, these isocyanates were only observed close to the source and were not detected in any personal breathing zone samples.
The isocyanate concentrations measured during cutting and grinding operations in the three workplaces investigated and the corresponding limits of detection are shown in Tables 3 and 4. All the concentrations lower than half the LOD were considered as not detected (nd). The large relative standard deviations (RSDs) observed for the isocyanate concentrations could be explained by many factors that were out of our control. Such factors that could have affected the emission of isocyanates were, for instance, the pressure applied by the workers on the abrasive devices and the air-draught patterns that differed among workplaces.
HNCO was analyzed even though it is not an isocyanate because its emission during thermal degradation of car paint seems to be related to the emission of isocyanates and because there is very little information available about the toxicity of this compound. It is suggested that HNCO at high temperature will hydrolyze in air to form CO 2 and NH 3 (Aigner et al., 1995) . Nevertheless, a better understanding of the behavior of HNCO following degradation of polyurethanes could be useful, given the observed concentrations of this compound (Tables 2 and 3) .
The highest isocyanate concentrations were observed during the cutting process (Table 2 ). In spite of the high isocyanate concentrations observed at the emission source, the HSE's WEL (20 mg of NCO per m 3 ) was never observed in the workers' breathing zone where the total isocyanate concentrations ranged between 5 and 49% of the WEL. Moreover, in real work situations, the studied processes are rarely performed continuously during periods longer than 15 min as observed in the present study. Owing to the low isocyanate concentrations measured 2 m from the emission source and the high RSD observed, the relative performance of the cassettes and the bubblers backed with cassettes could not be rigorously evaluated. Higher isocyanate concentrations would thus have been necessary to validate the sampling efficiency of the cassettes in the workplace. Even though they were observed at the emission source, Prop-i to Hex-i, the alkenyl isocyanates, Ph-i, p-Tol-i and 2,6-TDI were not detected in the workers' breathing zones. Surprisingly, high concentrations of IPDI were measured at the emission source during the cutting operations in the body repair shop, but not in the two painting schools. This could be the result of different primer, paint and/or clear-coat formulations. During the grinding process (Table 3) , the total isocyanate concentrations measured in the workers' breathing zone ranged between 3 and 18% of the WEL and were thus lower then those detected for cutting. Finally, during the sanding (polishing) process, no isocyanate was detected in the workers' breathing zone. However, the total isocyanate concentrations, at the emission source, were, respectively 1.29, 0, 0.90 mg of NCO per m 3 for School A, School B and the body repair shop.
CONCLUSION
The most abundant isocyanates generated during the thermal degradation of polyurethane-based car paints with the abrasive processes used in the present study were the monomers (MDI, HDI, TDI and IPDI) and Me-i. The workers' exposures to isocyanates were maximal during the cutting process and minimal during the orbital sanding process. The isocyanate concentrations rapidly decreased from the emission source to the sampling tree, which was located 2 m away. The use of a posture that maximizes the distance between the worker and the emission source could thus significantly decrease isocyanate exposures. The highest isocyanate concentration measured in the workers' breathing zone corresponded to approximately half the HSE's WEL. Based on current WEL, the risk to worker's health could be interpreted as being low for the exposures observed in our tests, except for workers already sensitized to isocyanates. However, a more accurate risk assessment would require dose-responses curves for each isocyanate, since the toxicity differs among isocyanates. Moreover, peak concentrations of isocyanates, which might contribute to the development of asthma, appear to exist. The use of a surrogate measure of isocyanate concentrations, such as ultrafine aerosol concentrations, could also be useful for estimating real-time air concentrations of isocyanates .
